Kidney transplantation is the treatment of choice for patients suffering from end-stage renal disease. It offers better life expectancy and higher quality of life when compared to dialysis. Although the last few decades have seen major improvements in patient outcomes following kidney transplantation, the increasing shortage of available organs represents a severe problem worldwide. To expand the donor pool, marginal kidney grafts recovered from extended criteria donors (ECD) or donated after circulatory death (DCD) are now accepted for transplantation. To further improve the postoperative outcome of these marginal grafts, research must focus on new therapeutic approaches such as alternative preservation techniques, immunomodulation, gene transfer, and stem cell administration.
Introduction
Kidney transplantation is the treatment of choice for patients with end-stage renal disease, due to associated lower rates of morbidity and mortality when compared to dialysis [1] [2] [3] . Despite major improvements in patient outcomes following kidney transplantation, graft shortage still poses a severe challenge worldwide. The number of patients waiting for a kidney transplant by far exceeds the number of organs available [4] [5] [6] . To increase the number of kidneys available for transplantation and to reduce patient waiting times, further sources of kidney grafts are needed.
Commonly, standard criteria donor (SCD) and extended criteria donor (ECD) kidney grafts from donation after brain death (DBD) as well as kidneys recovered from live donors (LDKT) are utilized. Since the 1990s, an increasing number of kidney grafts have been recovered in a donation after circulatory death (DCD) scenario, to further expand the donor pool 7, 8 . However, DCD and ECD kidney grafts demonstrate acceptable but decreased outcomes after transplantation, depending on different factors, such as donor age, warm and cold ischemia times, and the preservation technique used [9] [10] [11] . Thus, additional research is required to improve the outcome of patients receiving marginal kidney grafts and to further increase the donor pool.
. In addition, porcine and human kidneys demonstrate similarities in the pathophysiology of ischemia reperfusion injury (IRI), biochemistry, and immunological parameters 14 . Thus, porcine renal transplantation is well-suited to investigate new organ preservation methods for marginal kidney grafts [15] [16] [17] , model human IRI 18 , study immunological pathways and allograft tolerance 19 , provide surgical training [20] [21] [22] , test new pharmacological therapies 23 , implement new medical devices, and study new immunological mechanisms in xenotransplantation [24] [25] [26] .
The renal porcine and human transplantation settings are not completely analogous. This article focuses on important technical details that will facilitate successful establishment of a renal autotransplantation model. Species-adapted pre-and postoperative housing, administration of anesthesia with close monitoring, and matched surgical techniques are described in the protocol and demonstrated in the video. Resection of the contralateral native kidney provides the opportunity to assess the function of the transplanted kidney. The placement of venous and urinary catheters and the use of metabolic cages allow more in-depth assessment. For studies aimed at investigating alternative graft preservation methods and mechanisms of IRI, autotransplantation models are superior to allotransplantation models, as they avoid the complications and confounding bias associated with rejection and use of immunosuppressive medications.
Protocol
All animals received humane care and all studies we carried out in accordance with policies and guidelines of the Canadian Council on Animal Care. All procedures were carried out under Animal Use Protocols that were approved by the University Health Network Institutional Animal Care Committee.
Note: A schematic overview of the study protocol is presented in Figure 1 . 
Kidney Graft Retrieval
1. Preoperative Procedure 1. House the male Yorkshire pigs in a research facility for at least one week to acclimatize them. Use intramuscular injection of a thirdgeneration cephalosporin, such as ceftiofur, for 3 days to reduce the potential risk of infections with Streptococcus suis and Salmonella. Fast the pigs for a minimum of 6 hr before induction of anesthesia to prevent aspiration. 2. Initiate anesthetization of the pig by an intramuscular injection of ketamine (20 mg/kg), atropine (0.04 mg/kg), and midazolam (0.3 mg/ kg). Subsequently, transport the animal from the housing facility to the operating room (OR). 3. Place the pig in a supine position on the OR table. Allow the pig to breathe 2 L of oxygen with 5% of isoflurane spontaneously. Expose the vocal cords with a laryngoscope and spray them with 2% lidocaine topical solution to prevent intubation-induced laryngospasm.
After intubation with a 6.5 mm tube, block the cuff with 3-5 ml of air. Note: Capnometry confirms the correct position of the tracheal tube. 4. Decrease the isoflurane gas to 2.5%. Set the ventilator to 14-16 breaths/min and the tidal volume to 10-15 ml/kg body weight. Monitor the pig closely. Heart rate and oxygen saturation are recorded by pulse oxymetry. Confirm proper anesthetization by reduced heart rate (below 150 beats/min) and blood pressure (below systolic values of 100 mmHg) as well as absence of porcine movements (no usage of muscle relaxants). 5. Under sterile conditions, introduce an 9.5 Fr. single lumen permanent catheter into the internal jugular vein using Seldinger technique 27 . Briefly, use a needle to puncture the vein. After introducing the guide-wire, replace the needle with the peel-away introducer, followed by replacement of the wire with the vascular catheter. Fix the catheter to the skin using a 3-0 silk or non-absorbable monofilament suture.
1. Administer 500 mg of metronidazole, 1 g of cefazolin, and 20 mg of pantoprazole. Administer 200 ml of lactated Ringer's solution with 5% dextrose (D5W) and 1 ml of fentanyl citrate per hour intravenously throughout the surgery. Apply veterinary ophthalmic ointment on eyes to prevent dryness while under anesthesia.
2. Surgical Procedure 1. Following sterile disinfection and coverage of the surgical field, perform a midline incision of 25 cm in length. Insert a retractor. Cover large and small bowels with a towel and position them to the left side for optimal access to the right kidney. 2. Free the ureter and the right kidney itself from any adherent tissue using the cautery. 3. Dissect the right renal vein and artery using the cautery until their origin from the inferior vena cava and the aorta, respectively, are free. To avoid arterial vasospasm, administration of 30-65 mg of papaverine should be considered. 4. After complete renal dissection, tie (silk, 3-0) and cut the ureter distally. Prepare a bowl of ice and a sterile organ bag. 5. First, clamp the renal artery close to the aorta and second, clamp the renal vein close to the vena cava using vessel clamps. Next, resect the kidney graft and immediately cannulate the renal artery with a renal artery cannula. Use 500 ml of ice-cold histidinetryptophan-ketoglutarate (HTK) solution to flush out the blood. Store the kidney on ice until transplantation. 6. In situ, close the remaining renal artery with a ligature (silk, 2-0) and the renal vein with a running suture (prolene, 6-0).
Representative Results
In the following, the results of renal autotransplantation experiments (n = 4) are demonstrated. After the initial graft retrieval, the pigs recovered in their housing area. Meanwhile, the kidney grafts were stored on ice for a mean time of 7 hr 35 min (± 18 min). After reinduction of anesthesia and repeat laparotomy, the contralateral kidneys were resected and the cold-stored grafts transplanted heterotopically as described. After weaning from the ventilator, pigs were recovered from surgery and followed up for 10 days (see Figure 1) . Daily (1-4 post-operative day; pod) or every second day (6-10 pod) blood samples were collected to perform blood gas analyses; to assess the renal function, serum creatinine and blood urea nitrogen (BUN) values were estimated. For comparison, the results of one allotransplanted kidney graft are presented. For immunosuppression, this pig received cyclosporine 100 mg p.o. and cortisone 250 mg i.v. b.i.d. The surgical technique used was the same as in the autotransplant protocol; no warm ischemia time was applied.
All pigs were in good clinical condition during the follow up period. The serum creatinine and BUN values revealed the highest increase at day one after surgery (Crea 2.8 ± 0.7 mg/dl, BUN 25.3 ± 7 mg/dl) and decreased until pod 10 (Crea 1.7 ± 0.4 mg/dl, BUN 10.7 ± 4 mg/dl) close to the initial baseline values. The allotransplanted kidney graft demonstrated higher creatinine and BUN values after good initial graft function, when compared to the autografts, most likely due to rejection (Figure 2 and 3) . Acid-base hemostasis (Figure 4 ) and electrolyte levels ( Figure 5) were stable without intervention. Histological examination showed preserved tubulointerstitium in the autotransplanted kidney (Figure 6) , and diffuse interstitial inflammation, tubulitis, and glomerulitis in the allotransplanted kidney (Figure 7) . 
Discussion
The model of porcine kidney transplantation provides a unique opportunity to further the field of human transplantation due to similarities in surgical aspects, physiology, biochemistry, and immunology 14 .
Depending on the purpose of the experimental study, the model of renal autotransplantation has several advantages compared to the allotransplantation model. Although several groups report good renal graft function after allotransplantation 28 , immunosuppression in pigs is challenging, especially in renal transplantation. Preoperative blood sample analyses to ensure compatibility for swine leukocyte antigen (SLA) are feasible, but expensive and impractical 14 . Postoperatively, proposed immunosuppressive agents such as tacrolimus and cyclosporine (calcineurin inhibitors, CNI) are administered orally or i.v. 28 . Oral administration is impractical, as pigs usually refuse to swallow oral medication. Furthermore, intestinal obstructions might obviate sufficient absorption of immunosuppressive medications and maintenance of therapeutic drug levels. The continuous infusion of CNI's i.v. in active animals is technically demanding. I.v. bolus administration leads to high peak values, which cause toxicity. Thus, for the investigation of new preservation techniques, the model of renal autotransplantation has several advantages. In the representative results of the allotransplantated kidney graft demonstrated above, a delayed and increased peak of creatinine and BUN indicate rejection, which was demonstrated by histological assessment.
The porcine model of autotransplantation has previously been used to investigate new preservation techniques 14, 18, 29 . However, the reported postoperative serum creatinine and BUN values of autotransplanted pigs in a heart-beating scenario vary considerably depending on the experimental system 22, 30 . The heart-beating donor protocol we present here results in a low postoperative serum creatinine peak of 2.8 mg/dl (± 0.7) and BUN peak of 25.3 mg/dl (± 7.4). These results are comparable with the low peak values presented by Hanto and colleagues 28 and
Snoeijs and colleagues 31 .
To ensure a successful outcome after renal transplantation in a porcine autotransplantation model, we have identified several key technical factors that minimize the rate of certain complications. The use of histidine-tryptophan-ketoglutarate solution (HTK) reduces the risk of vasospasm due to its lower content of potassium when compared to University of Wisconsin (UW) solution. To further decrease the risk of vasospasm at the point of reperfusion, verapamil can be injected into the renal artery, and papaverine can be administered topically during retrieval and after reperfusion. In addition, a continuous drip of norepinephrine titrated to maintain the systolic blood pressure above 100 mmHg ensures a homogeneous reperfusion. It is useful to maintain this blood pressure at least until the pig is positioned prone. Furthermore, the positioning of the transplanted graft is important to prevent kinking of the newly anastomosed blood vessels. Therefore, it is helpful to resect the contralateral left kidney prior to sewing the anastomoses of the graft to avoid extensive mechanical manipulation. After finishing the ureteral anastomosis, wrapping small intestine around the transplanted graft secures its position after closure of the abdominal wall. Complications such as bowel obstructions due to kinking of the intestine are rarely observed but can lead to severe complications, including ileus, bowel perforation, and death. Overall, accurate surgical technique, attentive anesthesia and close monitoring during follow up ensure good clinical outcome and graft function.
Arterial and venous anastomoses can be performed using different techniques. Orthotopic placement of the graft allows end-to-end anastomoses of the renal artery and vein. In the case of heterotopic transplantation, the graft can be positioned in the contralateral renal fossa for end-to-end anastomoses, onto the iliac vessels, or the distal aorta directly. Heterotopic transplantation with anastomoses to aorta and cava directly in end-toside technique are preferred in this model as it can reduce the risk of thrombosis and vasospasm 32 . Anatomical variations with very early venous bifurcations might lead to the need of sewing two separate venous anastomoses. If the artery or vein are relatively short, the graft can be turned In general, the porcine model of renal transplantation offers advantages compared to other animal models. As described above, certain similarities exist between the porcine and the human setting, which allows relatively fast translation of new techniques into clinical practice. The technique of transplantation is technically easier compared to rodent models. In addition, by placement of venous catheters, peripheral blood samples can be collected easily and processed for further investigation. The collection of urine allows further assessment of kidney injury and function. To collect urine samples, a percutaneous catheter can be inserted into the urinary bladder. To avoid manipulation by the pig, the distal end should be tunneled subcutaneously to the back of the animal. Another option for urine collection is the use of metabolic cages, which allow prolonged collection periods to estimate the creatinine clearance and concentration of additional biomarkers in the urine. Sonography, CT scans, and MRI images are possible. Donation after circulatory death protocols can be mimicked by applying warm ischemia prior to retrieval. Furthermore, pigs are relatively easy to handle if castrated to limit their aggressive behavior.
Disadvantages include the high costs of animal purchase, housing, surgical and other medical equipment, and manpower. These factors mean that it is not feasible to include large numbers of animals in each study group. Furthermore, compared to rodent models, a limited number of references are available in the literature for pig normative biological data. As an alternative for the assessment of new developed techniques, such as novel preservation methods, other groups have described the normothermic ex vivo reperfusion as an alternative to renal transplantation 33, 34 . This technique is easier to perform and less expensive. However, standardized kidney graft transplantation provides a model more similar to the clinical practice and allows longer follow up periods. Therefore, it serves for a more realistic graft assessment.
In conclusion, the porcine model of heterotopic renal autotransplantation provides a clinical important scenario to investigate innovative novel approaches for the improvement of kidney graft outcomes. In particular, this protocol features important technical details that will facilitate successful establishment of a renal autotransplantation model and allows the rapid translation of new findings to clinical trials.
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